Among the pleiotropic effects of aminoglycosides, their irreversible uptake and their blockade of initiating ribosomes have appeared to explain their bactericidal action, while the contributions of translational misreading and membrane damage and the mechanism of that damage have remained uncertain. We now present evidence that incorporation of misread proteins into the membrane can account for the membrane damage. The bactericidal action thus appears to result from the following sequence, in which each step is essential: slight initial entry of the antibiotic; interaction with chain-elongating ribosomes, resulting in misreading; incorporation of misread protein into the membrane, creating abnormal channels; increased (and irreversible) entry through these channels, and hence increased misreading and formation of channels; and, finally, blockade of initiating ribosomes. This mechanism can account for several previously unexplained observations: that streptomycin uptake requires protein synthesis during, but not after, the lag before the membrane damage; that streptomycin-resistant cells, which fail to take up streptomycin, can do so after treatment by another aminoglycoside; and that puromycin at moderate concentrations accelerates streptomycin uptake, while high concentrations (which release shorter chains) prevent it. In addition, puromycin, prematurely releasing polypeptides of normal sequence, also evidently creates channels, since it is reported to promote streptomycin uptake even in streptomycin-resistant cells. These findings imply that normal membrane proteins must be selected not only for a hydrophobic anchoring surface, but also for a tight fit in the membrane.
Extensive studies of the mechanism of action of aminoglycosides, ever since the discovery of streptomycin (Str) in 1944, have revealed a remarkably pleiotropic set of effects (1, 2) . Among these, it has not been clear whether misreading has a role in the bactericidal action, how the membrane damage arises, and why reversible inhibitors of protein synthesis prevent that damage and the bactericidal action. The demonstration that bacteria possess membrane-bound ribosomes (3, 4) , involved in protein export, has renewed our interest in these problems. Anand et al. discovered the membrane damage in 1960 (5) .
Addition of [14C] Str to a growing culture of Escherichia coli resulted in immediate adsorption of this highly cationic antibiotic to the cell surface, followed, after a lag of some minutes, by a rapid larger secondary uptake. Since treatment with toluene permitted an immediate secondary uptake, it appeared that the cell membrane is relatively impermeable to Str but becomes permeable during exposure to it. Moreover, this effect involves formation of nonspecific channels, permeable to small molecules regardless of charge: treatment with Str permitted entry of citrate (which is normally excluded by E. colt), and of a S-galactoside in a transport-defective mutant (6) ; in the other direction, it impaired the ability to concentrate ['4C]valine (6) and caused leakage of nucleotides (7) and K+ (8) . Inhibition of protein synthesis by chloramphenicol, and also genetic resistance to Str, prevented the membrane damage (5) .
Since the leakage of K+ could be detected as early as the inhibition of protein synthesis (9) , these findings originally suggested a direct effect of Str on the integrity of newly formed membrane. However, Erdos and Ullmann (10) showed that Str decreased protein synthesis in a bacterial extract; and an action on ribosomes, suggested by Spotts and Stanier (11) on indirect grounds, was soon demonstrated (12) (13) (14) . Moreover, ribosomes from resistant mutants did not show this response (except at excessive Str concentrations). Since it seemed unlikely that a single mutation could alter both the ribosome and the membrane, the membrane damage was universally dismissed as secondary to killing. Moreover, at that time there was no basis, conceptual or experimental, for connecting the effects of Str on the ribosome and on the membrane.
The action on the ribosome became more complicated when Gorini and co-workers found that Str can also cause misreading (15, 16) . Since misreading and blockade are mutually exclusive, the finding that ribosomes bind only one molecule of Str (17) created a paradox, which was resolved by separating the effects of antibiotics on ribosomes in different stages of their cycle (18) . With ribosomes engaged in chain elongation, Str slows translation and causes misreading, while the more flexible free ribosomes bind it in a way that allows formation ofunstable initiation complexes (in the translation of viral RNA) but prevents their transition into chain elongation (19) (20) (21) . Since this blockade of initiating ribosomes could account for the cessation of protein synthesis in killed cells, the misreading effect, although of great theoretical interest, seemed to be irrelevant to the bactericidal action.
However, a possible role of misreading arose again when Bassford et al. (22) (24) , and the residual sediment was solubilized by hot 1% NaDodSO4/10 mM Tris.HCl/100 mM NaCl. The fractions were made up to equal volumes, and equal portions were measured for their radioactivity and were subjected to gel electrophoresis and to immunoprecipitation, as described (25) .
Reagents.
[35S]Methionine was obtained from New England Nuclear, and other chemicals were of reagent grade. The rabbit antiserum to E. coli alkaline phosphatase has been described (3).
RESULTS
Altered Distribution of Misread Proteins. To test the possibility that the misreading caused by Str might impair the secretion of proteins across the plasma membrane, we treated a growing culture of E. coli, constitutive for alkaline phosphatase, with Str, and after it reached either 50% or 95% inhibition of protein synthesis we briefly incubated portions (along with an untreated sample) with [35S]methionine. The cells were fractionated into periplasm, cytoplasm, the bulk of the inner and the outer membrane, and a residue insoluble in nonionic detergent.
As Table 1 shows, treatment with Str did alter the distribution of the subsequently formed protein. The proportion secreted into the periplasm was decreased 40-50%o, indicating that misreading prevents some of the secretory protein from completing the transfer across the membrane. The proportion in the cytoplasm was decreased slightly, while that in the poorly soluble residue was increased 3-fold. This increase evidently represents misread proteins (partly secretory, but probably also from other classes) whose abnormal folding decreases their solubility in Triton. Immunoprecipitation of these fractions with antiserum to alkaline phosphatase, followed by solubilization and gel electrophoresis, confirmed the shift in the distribution of this protein. As Fig. 2 shows, in the immunoprecipitates the untreated cells showed a heavy band in the periplasmic fraction at the position of alkaline phosphatase and none in the residual fraction, while in the cells treated with Str the periplasmic band was reduced by 80-90%, and the residual fraction yielded a weak band at the same position.
It is not surprising that the residual fraction of treated cells yielded a much weaker band than the periplasm of untreated cells. The generalized misreading caused by Str should change both the size and the sequence of polypeptides, and among the alkaline phosphatase molecules altered in this way one should detect in the membrane only those that combine three features: they would be sufficiently altered to be retained in the membrane, would not be altered in size, and would retain enough of the native immunological determinants to be able to react with polyclonal antibody. While Effect of Str on distribution of alkaline phosphatase. The periplasmic (P) and the residual (R) fractions (0.1 ml) ofthe 0-and the 30-min samples from Fig. 1 were treated with rabbit antiserum to alkaline phosphatase (20 Al) and then with Staphylococcus aureus cells as described (25) . The precipitates were dissolved in NaDodSO4 and aliquots of the various fractions were analyzed by gel electrophoresis followed by autoradiography. particular size to be detectable as a band from the immunoprecipitate.
These findings show that the misreading induced by Str prevents much of the secretory protein from reaching its destination in the periplasm. In addition, misreading lowers the solubility of much of the newly formed protein. But while the protein that was aborted in secretion was presumably stuck in the membrane, its identification in the residual fraction does not unequivocally localize it in the membrane, since the increment in the residual fraction could include aggregates of misread cytoplasmic proteins as well as insoluble membrane proteins. However, the molecular size of the alkaline phosphatase band (Fig. 1) shows that it has been processed from its precursor, and so at least these misread secretory molecules have evidently reached the membrane. It therefore seems likely that much of the increment in the residual fraction represents stuck secretory proteins (and also altered membrane proteins).
DISCUSSION
Effect of Streptomycin-Induced Misreading on the Membrane. The results presented here show that when Str had reached a sufficient intracellular concentration in E. coli to cause misreading and partial inhibition of protein synthesis, it impaired protein secretion, as shown by the decreased proportion ofthe newly synthesized protein secreted into the periplasm, and also by inhibition ofthe secretion of a specific periplasmic protein, alkaline phosphatase (detected by gel electrophoresis and by immunoprecipitation). In addition, as might be expected ofgarbled protein, an increased proportion of the new protein was found in a particulate (residual) fraction with low solubility in nonionic detergent, and that fraction contained a small amount of alkaline phosphatase.
When derived from normal cells this low-solubility fraction has been assumed to consist of membrane fragments, but in the Str-treated cells, with extensive misreading, it might well include aggregated cytoplasmic proteins. However, since the alkaline phosphatase in the residual fraction from the Strtreated cells has the molecular size of the mature form rather than that of its precursor, and since processing takes place in the membrane, some of the residual fractions must consist of misread secretory proteins, aborted in secretion and stuck in the membrane. In addition, integral membrane proteins, similarly altered in solubility by the misreading, no doubt also contribute to the residual fraction.
The incorporation of abnormal proteins in the membrane finally provides a reasonable explanation for the early observation that aminoglycoside action makes cells leaky to small molecules (5, 6) . It seems unlikely that the membrane damage is the direct cause of cell death, since the degree of interference with protein secretion did not increase progressively with increasing inhibition by Str (Table 1) . Alternatively, this evidence for limited membrane damage does fit a role that was suggested 25 years ago, and has been largely discarded: that this damage is required for substantial entry of the antibiotic into the cell (5) . The misreading would thus play an indirect but essential role in the bactericidal action of aminoglycosides, in the following sequence:
(i) The antibiotic penetrates slightly into the cell, by an unknown mechanism (possibly through imperfections due to intrinsic misreading, or at zones of growth). Its contact with chain-elongating ribosomes (the predominant form in growing cells) causes a small degree of misreading.
(it) Some of the misread protein is incorporated into the membrane, where its poor fit creates channels that permit influx of antibiotic. A rapidly expanding cycle of increasing misreading and increasing leakiness then ensues.
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(iv) Lethality results from irreversibility of this blockade. The irreversibility of uptake (27) , whose mechanism is not well understood, might account for this property; but the binding to the initiating ribosomes may also be effectively irreversible.
Supporting Evidence for the Model. While previous interpretations of aminoglycoside action have left certain aspects unexplained or contradictory, this proposed mechanism fits all the features of which we are aware. In particular, extensive studies of the uptake of Str (reviewed in refs. 28 and 29) have presented several puzzles that can now be explained. As we have already noted, (i) a lag (whose length decreases with increasing antibiotic concentration) is followed by a rapid shift to a more or less linear rate of uptake (5) ; and (ii) reversible inhibition of protein synthesis by chloramphenicol during the lag prevents uptake (5). In addition, (iii) once cells have reached the stage of secondary uptake chloramphenicol no longer prevents uptake (30, 31 (30) . Findings iii and vi rule out an earlier explanation for the antagonistic effect of chloramphenicol (35) : that the entry of Str to the cytoplasm might be mediated by binding to sensitive ribosomes engaged in protein synthesis at the membrane surface.
But perhaps the strongest support for the proposed mechanism comes from an old, and particularly mystifying, observation: simultaneous treatment with puromycin accelerates killing by Str (38, 39) , but pretreatment has the opposite effect (38) . Even (11) and to identify "the" key step in the lethal action of aminoglycosides has been misleading: all four steps in the mechanism proposed here are equally essential. Moreover, the evolution of such an intricate bactericidal process is intriguing, whether it has been selected for its direct advantage to the organisms producing aminoglycosides, or whether it is a coincidental effect of a secondary metabolite evolved for some other function.
In addition to shedding light on the problem of aminoglycoside action, our findings also suggest structural requirement of membrane proteins: not only must they have a sufficiently hydrophobic surface to be retained in the membrane, but they must also have been selected in evolution for the ability to fold, and to fit into the membrane, tightly. However, the notion of a protein fitting badly is vague, and we do not know the nature of the resulting channels. These might arise along a polar region in the predominantly hydrophobic surface of the embedded protein, or as a pore within the protein; they might be formed by many different proteins, or only (as suggested to us by G. Khorana) by transmembrane proteins that contain gated channels and lose their gates as a result of misreading; and various small molecules might leak through the same channel or through different ones. Clearly, although proteins carrying random errors revealed the problem, more detailed analysis will have to be carried out with proteins carrying known alterations.
